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A large number of shallow low frequency events were recorded after the 2011 Mw 9.0 Tohoku-oki earth-
quake by the cabled network of broadband ocean bottom seismometers (DONET) deployed in the eastern
part of the Nankai trough. This low frequency event activity was intense for the ﬁrst few days after the
great earthquake and gradually decreased. Signals of the events are most clearly visible at the frequency
range around 2–8 Hz. Some of the events are accompanied by a very long frequency (VLF) signal, which is
clearly observed at around 0.02–0.05 Hz. The magnitude and source duration estimated by waveform
analysis for one of the largest very low frequency earthquakes (VLFEs) was 3.0–3.5 and 17 s. This source
duration is extremely long compared to ordinary earthquakes of comparable magnitude. These newly
detected VLFEs are likely to be normal fault earthquakes located at shallow depths within the accre-
tionary prism, in contrast to the previously reported VLFEs that were explained by a low angle thrusting
along the decollement zone. On the other hand, the low frequency events with no clear VLF signal were
previously regarded as being low frequency tremors (LFTs). We show that events with and without the
VLF signal likely represent the same phenomenon, and the VLF signal is only observed when a large mag-
nitude event occurs near the station. The waveforms of VLFEs are characterized by the coexistence of long
source duration and high-frequency radiation of signals, and such features were previously explained by
the co-occurrence of shear failure and hydrofractures under the inﬂuence of ﬂuid brought into the
decollement zone. Our result indicates that the stress state and the mechanical environment, which pro-
mote the occurrence of VLFEs, exist not only along the decollement zone but also in the shallower part of
the accretionary prism.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Low frequency events are seismic events that have longer dura-
tion and less seismic energy radiation compared to regular earth-
quakes. They have been detected worldwide in many subduction
zones and other fault zones (Beroza and Ide, 2011). In the Nankai
trough, where the Philippine Sea plate subducts beneath the
Eurasian plate, low frequency events have been detected within
or near the base of the accretionary prism (Obara, 2009) at depths
shallower than 10 km below sea surface. They are often called
‘‘shallow’’ low frequency events to be distinguished from deeper
events that occur in a zone around the 35 km isodepth contour
along the subducting plate (Obara, 2002). The occurrence of the
shallow low frequency events is considered to reﬂect the stressstate within and frictional behavior at the base of the accretionary
prism.
Shallow low frequency events of the Nankai trough reported by
previous studies can be divided into two groups based on the
observable frequency ranges of the signal.
The events of the ﬁrst group are called very low frequency
earthquake (VLFE). Records from on-land broadband stations,
located more than 100 km away from the source, show that fre-
quency of VLFE waves is predominantly in the range of 0.05–
0.1 Hz; whereas, higher frequency waves are absent (Ishihara,
2003; Obara and Ito, 2005). In March 2009, a few weeks of VLFE
activity was observed using temporally deployed broadband
ocean-bottom seismometers (OBSs) (Sugioka et al., 2012). The
near-source observations revealed some important aspects of the
VLFEs, (1) instrument-corrected displacement waveforms showed
a ramp-type motion with a clear offset (<0.2 mm) and a long rise
time (>30 s) and indicated that they have anomalously long
source-time function compared to ordinal earthquakes of
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edly rich in high-frequency waves with a peak around 1–5 Hz. The
near source observations showed that these events mainly occur at
the shallowest part of the plate boundary (the decollement zone).
Events of the second group are called a low frequency tremor
(LFT). These events are recorded by temporally deployed OBSs
equipped with a 4.5 Hz short-period seismometer sited close to
the source regions (Nakamula et al., 2008; Obana and Kodaira,
2009). The frequency is predominantly in the range of 2–8 Hz with
a lack of energy above 10 Hz. No signals of these events have been
observed at stations on land. The lower frequency behavior
remains unknown, since these events were detected by
short-period OBSs. The previous studies show that these events
occur near the shallowest part of the major reverse faults (splay
faults, Park et al., 2002) within the accretionary prism.
In this paper, we report that after the 2011 Mw 9.0 Tohoku-oki
earthquake, many shallow low frequency events were recorded at
a permanent cabled network of broadband OBSs, deployed in the
eastern part of Nankai trough. The waveform characteristics of
these events are similar to those of the previously observed LFTs
at the frequency range around 2–8 Hz. In addition, some of the
events are accompanied by a lower frequency signal, clearly visible
between 0.02 and 0.05 Hz, whose features are similar to those pre-
viously observed as VLFEs. In this paper, the events, which exhibit
the signals at the higher frequency range, will be called LFT, and
the events, which also show signal only at the lower frequency
range, will be called as VLFE, owing to the similarity to the previ-
ously reported events. We study their source locations, possible
source mechanism, and the change in the occurrence rate after
the Tohoku-oki earthquake. We discuss the similarities and differ-
ences of the newly and previously detected VLFEs and those of LFTs
and VLFEs. Finally we discuss the possible mechanisms of the low
frequency events, which occur in the eastern Nankai trough.Fig. 1. (a) DONET stations, in operation at the time of the 2011 Tohoku-oki
earthquake (solid orange triangles). Locations of the frontal thrust (blue line) and
mega-splay fault (red line, Park et al., 2002) were obtained fromMoore et al. (2009).
VLFEs located during this study are shown as yellow stars. Colors of the station tags
are consistent with colors used in Fig. 6 to draw each trace. (b) The composite
seismic cross-section presented by Moore et al. (2009) was developed from a
seismic reﬂection survey completed along the black dashed line shown in (a). Half-
transparent red, blue and gray lines indicate mega-splay fault, decollement, and top
oceanic crust reported by Moore et al. (2009). The covariance matrix of the
hypocenter location and the resulting error ellipsoid were calculated from the
probability density function in the search space, and plotted by yellow lines.2. Observations
DONET is a cabled network of ocean bottom stations con-
structed in the eastern part of the Nankai trough (Fig. 1, Kaneda
et al., 2009; Kawaguchi et al., 2010). It is one of the source regions
of previously studied VLFEs and LFTs (Obara and Ito, 2005;
Nakamula et al., 2008; Obana and Kodaira, 2009; Sugioka et al.,
2012). The installation of DONET stations began in March 2010
and was completed in July 2011 with a total of twenty stations
being installed. When the Mw 9.0 Tohoku-oki earthquake occurred
at 05:46 on March 11, 2011, ten of the stations were in operation.
The distance from the DONET stations to the epicenter of the
Tohoku-oki earthquake is about 700–800 km. One-hour trace
views of the broadband seismograph records of DONET, before
and after the Tohoku-oki earthquake, are displayed in Figs. 2 and 3.
Numerous low frequency events were recorded by DONET after
the Tohoku-oki earthquake (Fig. 3). They appear as bursts of tre-
mors in the waveforms ﬁltered at 2–8 Hz and energy above
10 Hz is negligible, whereas the regular local earthquakes (open
arrows in Fig. 3) show high amplitude both in 2–8 Hz and 15–
30 Hz. The low frequency events have much larger amplitude at
stations located on the trough side of the network, particularly at
KMC09 and KMB06, than the stations located on the landward side
on the Kumano fore-arc basin. The signiﬁcant change in amplitude
among the stations within the network indicates that the tremors
were local events occurring very close to the stations where the
largest signal was observed. Other than the local low frequency
events and local regular earthquakes, a number of arrivals from
the aftershocks of the Tohoku-oki earthquake were also recorded
by DONET. The teleseismic signals (solid arrows in Fig. 3) could
be distinguished from the signals of local events because they wereobserved at all the stations with somewhat similar amplitudes.
Unlike the low frequency events, the amplitude of the teleseismic
signals is never particularly high at KMB06 or KMC09 compared to
those observed at other stations.
Some of the low frequency events detected in the frequency
range of 2–8 Hz are accompanied by a lower frequency signal that
is most clearly visible at 0.02–0.05 Hz (gray arrows in Fig. 3). When
the very low frequency (VLF, 0.02–0.05 Hz) signal is observed, a
higher frequency signal (2–8 Hz) is also observed. However, the
converse does not seem to hold and only some of the events
observed at 2–8 Hz are accompanied by the VLF signal. In
Fig. 4a and b, the waveforms of the entire network of two selected
events, whose VLF signal is observable, are plotted in a few differ-
ent frequency ranges. Each trace is normalized to its maximum
amplitude. The 2–8 Hz signals are detectable at more than a few
stations in the network per event. The 0.02–0.05 Hz signal is only
detectable at station KMB06, to which the 2–8 Hz signal arrives
the earliest and therefore which must be the station closest to
the source.
Fig. 2. One-hour trace view of DONET broadband seismograph before the 2011 Tohoku-oki earthquake. A band-pass ﬁlter with corner frequencies of 2 and 8 Hz is applied to
the vertical component. The amplitude scale is set equal to those in the corresponding views in Fig. 3.
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low frequency events (Fig. 5) show that low frequency events have
an unclear onset and a longer duration compared to local earth-
quakes. The duration ranges from tens of seconds to a few minutes
depending on the event. The spectrograms of the low frequency
events are dominated in the 1–8 Hz range and lack power above
10 Hz, whereas the spectrograms of local earthquakes are rich in
high frequency components even above 10 Hz. These high fre-
quency features of the low frequency events are consistent with
those of LFTs, previously observed with the 4.5 Hz short-period
OBSs (Nakamula et al., 2008; Obana and Kodaira, 2009).
In Fig. 7b, we show instrument-corrected seaﬂoor displacement
waveforms recorded at station KMB06 for an event, which is
accompanied by a large VLF (0.02–0.05 Hz) signal. The event is
listed as event 5 in Table 1. The displacement waveforms show a
ramp function-type motion, which corresponds to a subsidence
of up to 0.05 mm and a horizontal motion of 0.14 mm toward
ESE direction, with a rise time of 10–20 s. Unfortunately, the
SSW–NNE component of KMB06 was not available due to a
mass-centering problem. Such ramp-function type motion is
observed for all events, which have large amplitude of the VLF sig-
nal. More waveform examples are provided in Fig. S1. The feature
of the ramp-function type motion displacement is consistent with
those presented by Sugioka et al. (2012), although their records
show greater displacement (0.01–0.1 mm) with a longer
rise-time (30–100 s). In their study, the motion is interpreted as
the near-ﬁeld term of the VLFEs.
Hereafter, the events accompanied by the VLF signal are referred
to as a very low frequency earthquake (VLFE) and other low fre-
quency events, observed at 2–8 Hz, without accompanying VLF sig-
nal, are referred to as a low frequency tremor (LFT), owing to some
similarities with the previously observed VLFEs (Sugioka et al.,
2012) and LFTs (Nakamula et al., 2008; Obana and Kodaira, 2009).
Finally, we plotted the envelope of the vertical record for sev-
eral days after the earthquake (Fig. 6) and examined how the activ-
ity of low frequency events changed with time after the
Tohoku-oki earthquake. Records of several stations are overlaid
to distinguish local events from numerous teleseismic arrivals gen-
erated by aftershocks of the great earthquake. The traces are over-
laid in the order of distance from the trough axis to the station. The
record of the station closest to the trough, namely KMC09, is plot-
ted ﬁrst at the back using a blue line. Then the record of KMB06 is
plotted using a red line. The record of the station furthest from the
trough (KMA02) is plotted last at the front of the ﬁgure using a gray
line. By overlaying the traces in this way, the teleseismic signals
recorded at stations further from the trough (KMA, KME) cover
the teleseismic signals recorded at stations closer to the trough
(KMC, KMB, KMD). Consequently, the signals of the local low fre-
quency events recorded mostly at stations closer to the trough axis
only remain uncovered by the traces recorded further from the
trough (gray lines in Fig. 6).
The envelope waveforms of 2–8 Hz in Fig. 6 show that the activ-
ity of LFTs after the Tohoku-oki earthquake continued for about3 weeks near the station KMC09 and for about 3 days near the sta-
tion KMB06. The envelope waveforms in the 0.02–0.05 Hz range,
after the Tohoku-oki earthquake, show that the VLFEs are observed
mostly at station KMB06 for about 3 days. We detected a total of 94
VLFEs by visual inspection, with 81 events detected at station
KMB06 (shown by red line in Fig. 6), 3 events at KMB05 (purple
line), 6 events at KMC09 (blue line), and 4 events at KMD16
(orange line). The amplitude of the 2–8 Hz signal at KMB06 is high
when VLF signals are observed at 0.02–0.05 Hz. The envelope
waveforms of 0.02–0.05 Hz also show that the occurrence of the
VLFEs is intermittent. They tend to occur intensively for a few
hours, separated by 7–18 h intervals.3. Source location and possible source mechanisms of VLFEs
We estimated the source location of the VLFEs, by measuring
the travel times from the envelope of band-pass ﬁltered 2–8 Hz
waveforms (Fig. 4c and g). The onset of low frequency events is
generally unclear and the hand-picked arrival times often contain
large errors. In order to obtain a robust location of the VLFEs, we
conducted a screening of the handpicked travel times by taking
an advantage of the observed VLF signals. In most VLFEs, the VLF
signal is observable only at a single station per event, indicating
that the events must be located very close to the station. We
selected 11 events (listed in Table 1), which show similar VLF
waveform at KMB06, and assumed that these events were
co-located. Details of the event selection procedures are provided
in Appendix A. We compared the differential travel times between
stations obtained for the 11 events and discarded some outliers,
based on the assumption that they are co-located. We obtained dif-
ferential travel times for each station pair by averaging the avail-
able measured values among the 11 events. The averaged
differential travel times were used to obtain the ‘‘co-located’’
source location.
We estimated the source location by a grid-search (Obana and
Kodaira, 2009) through a 3-D velocity model (Obana et al., 2005)
with an S-wave model calculated from the P-wave velocity by set-
ting the Vp/Vs ratio to 3.10 for the sediment and to 1.77 for the
rest. The location of the VLFE obtained from the averaged travel
times of the 11 events is shown in Fig. 1. It is located almost
directly beneath the station KMB06 at a depth of 6 km. Since the
seaﬂoor at the epicenter is approximately 2.5 km deep, this depth
corresponds to 3.5 km below the seaﬂoor. The long axis of the error
ellipsoid is about 4 km. Although the depth is not well constrained,
the event is likely to be located in the accretionary prism, not in the
subducting oceanic crust.4. Possible source mechanisms and seismic moment of the
VLFEs
We estimated the magnitude and possible source mechanisms
for one of the 11 VLFEs, which was used to locate the source
Fig. 3. One-hour trace views of DONET records of (a) 33 h and (b) 41 h after the 2011 Tohoku-oki earthquake. A 2-pass, 4-pole Butterworth band-pass ﬁlter with the corner
frequencies of 15 and 30 Hz (top panel), 2 and 8 Hz (middle panel), and 0.02 and 0.05 Hz (bottom panel) is applied to the vertical component of the records. Teleseismic
arrivals and regular local earthquakes are indicated by solid and open arrows respectively, while gray arrows indicate VLFEs. The amplitude of low frequency events decreases
at frequencies higher than 10 Hz, whereas regular local earthquakes show a high amplitude also above 10 Hz. For example, the maximum amplitude of a low frequency event,
recorded at around 2200 s at KMB06 in (a), decreased one order from 6E-6 m/s at 2–8 Hz to less than 5E-7 m/s at 15–30 Hz. On the other hand, the amplitude of a regular
earthquake, recorded at around 385 s at KMC09 in (a), is about 5E-5 m/s at 2–8 Hz and 2E-5 m/s at 15–30 Hz and the signals are clearly visible over both frequency ranges.
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Fig. 4. Records of all stations for two VLFEs, with each trace normalized by its maximum amplitude. (a–d) Records of the largest magnitude event, among the 11 VLFEs used to
locate the source, are aligned in order of distance from the estimated source location. (a) Vertical components ﬁltered between 0.02 and 0.05 Hz. (b) Vertical components
ﬁltered between 2 and 8 Hz. (c) Envelope of two horizontal components, ﬁltered between 2 and 8 Hz. Dark gray dots indicate hand-picked arrival times that were used to
locate the source. Dark gray circles indicate the predicted arrival times obtained from the estimated source location. (d) Vertical components ﬁltered between 0.07 and
0.17 Hz. The oceanic Rayleigh wave is indicated by gray arrows. Figures on the right hand side of the panel illustrate the distance from the estimated source location shown in
Fig. 1. (e–h) Records of another VLFE used to locate the source, plotted in the same way as (a–d).
44 A. To et al. / Physics of the Earth and Planetary Interiors 245 (2015) 40–51(Fig. 7). The event occurred at 15:41 onMarch 12 (UTC) and is listed
as event 5 in Table 1. This event has one of the highest VLF signal
among all the detected VLFEs after the Tohoku-oki earthquake the
estimations are made by forward modeling of the observedramp-function type displacement motion of the VLFE (Fig. 7b). The
VLF signal, or the ramp-function type motion, of this event is only
observed at station KMB06. Moreover, since one of the horizontal
components of KMB06 was not available due to a mass-centering
Fig. 5. Spectrograms and unﬁltered waveforms obtained at station KMB06 for (a) a local regular earthquake, (b) one of the VLFEs shown in Fig 3a and (c) one of the LFTs
shown in Fig 3b. Spectrograms are created with the vertical component of 600 s long and in the frequency range between 0.8 and 100 Hz. The middle and bottom panels show
horizontal and vertical components, respectively. Only one of the two horizontal components at station KMB06 was available at around the time of the Tohoku-oki
earthquakes.
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for the modeling. The offsets observed in the vertical and ESE–
WNW components are 0.05 mm subsidence and 0.14 mm motion
toward the ESE direction, respectively. The 11 events listed in
Table 1 show consistent displacement polarity and the ratio of the
displacement offsets between the vertical and horizontal compo-
nents, although the displacement motions are less clear for some
of the events. Therefore the 11 events should have a similar source
mechanism as the one we obtain in this section.
In this study, we assume that the ramp-function type motion is
due to the near-ﬁled effect of a double couple source, by following
the interpretation of Sugioka et al. (2012). The synthetic wave-
forms were obtained from the analytical solution provided for a
double-couple-point source in a homogeneous medium ((4.33) in
Aki and Richards, 2002). The Vp, Vs, and density were set to
2.5 km/s, 1.25 km/s, and 2.1 g/cm3 respectively and a correction
factor of 2 was applied for the free surface. In reality, the instru-
ment was placed at the seaﬂoor, not on the free surface, and the
velocity structure beneath the network is known to be heteroge-
neous in 3D. Nevertheless, the number of parameters, which can
be constrained from the few observations, is very limited. The sim-
pliﬁed method would at least be sufﬁcient to examine whether the
waveforms of the newly observed VLFEs are consistent with the
source mechanisms of the previously observed VLFEs. The moment
function was given as follows:
M ¼Mo  ð1 cosðt  pi=TÞÞ=2 for 0 < t < T;
M ¼ 0 for t < 0;
M ¼Mo for t >¼ T:
where t is time. The source duration (T) and seismic moment (Mo)
were adjusted by trial-and-error to ﬁt the synthetics to theobserved waveforms. We grid-searched through combinations of
the strike, dip and slip with an increment of 1 for the dip and
0.5 for the strike and rake. Then, we selected the mechanisms,
whose displacement polarities of the vertical and ESE components
explain the observations and whose amplitude ratio between the
two components become consistent with observations. The
observed ratio of the ESE component over the vertical component
is approximately 1.4. The mechanisms whose amplitude ratio is
between 1 and 1.5 are selected. From the set of many possible
source mechanisms, we select two types of mechanism, shown as
mechanism 1 and 2 in Fig. 7f, and discuss below.
The source mechanism 1, shown in Fig. 7f, is consistent with the
source mechanisms of VLFEs presented in Sugioka et al. (2012). It is
an extremely low angle thrust faulting, with the strike parallel to
the trough axis. The source duration (Fig. 7c) is set to 17 s and
the moment magnitude Mw is set to 3.7 to ﬁt the observed ampli-
tude of the vertical component at KMB06. Although this mecha-
nism explains the observed displacements at KMB06, the
predicted VLF amplitudes at other stations are too large. In Fig. 8,
we compared the maximum amplitudes of observed and predicted
VLF component by plotting them with respect to the distance from
the source. The maximum amplitudes at the stations other than
KMB06, where no VLF signal is observed, are obtained from the
time window of 110 s, which includes the predicted arrival time
of the signal, and they indicate the noise level of each trace. The
predicted amplitudes of the mechanism 1 are far above the noise
level for most of the traces. The extremely low angle thrust faulting
does not explain the observations.
We searched for a source mechanism, which makes the pre-
dicted VLF amplitude at stations other than KMB06 to become
below the noise level. The mechanism 2 in Fig. 7f is one of the
mechanisms, which minimizes the predicted amplitudes of the
Fig. 6. Changes in frequencies of occurrence of VLFEs and LFTs after the Tohoku-oki earthquake shown by plotting envelope waveforms of the vertical component. (a) DONET
records of three consecutive days after the Tohoku-oki earthquake. The envelope of the vertical records ﬁltered at 15–30 Hz (Top panel), 2–8 Hz (middle panel) and 0.02–
0.05 Hz (bottom panel) are graphically overlaid for all the stations. Traces are drawn with different colors depending on the stations, and consistent with the colors of the
station labels shown in Fig. 1. Traces of the stations placed on the Kumano basin are drawn with gray lines. Traces are overlaid in the order of the distance from the trough,
with trace KMC09 plotted ﬁrst at the back and the trace of KMA02 overlaid last at the front of the ﬁgure. Orange diamonds plotted at the top of the ﬁgure indicate the
occurrence of regular local earthquakes, which are distinguished from local low frequency events by a visual inspection of enlarged waveforms (e.g. Fig. 5). (b) DONET records
of 4 days, 11 days and 1 month after the Tohoku-oki earthquake, plotted in the same way as (a).
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Fig. 7. (a) Original velocity waveforms of the event of 15:44 on March 12 2011 (event 5 of Table 1) recorded at station KMB06. The orientation of the horizontal component is
directed 112 from the north. (b) The corresponding displacement seismograms after corrections for the instrumental response. (c,d,e) Synthetic displacement calculated for
the source mechanism shown as mechanism 1, 2 and 3. (f) Estimated locations of the VLFEs and three selected source mechanisms, which explain the displacement
waveforms observed at KMB06.
Table 1
List of the 11 events used to locate the source. The 7th and 8th column show the
maximum amplitude of the signal measured at the frequency range of 0.02–0.05 Hz
and 2–8 Hz respectively and they are plotted in Fig. 9.
No. Year Month Day Hour Second Max.
amplitude
(0.02–
0.05 Hz) (m/s)
Max.
amplitude
(2–8 Hz)
(m/s)
1 2011 3 11 22 0680 42.5E-8 14.2E-6
2 2011 3 12 15 1276 95.8E-8 18.5E-6
3 2011 3 12 15 1699 66.4E-8 12.3E-6
4 2011 3 12 15 2178 208.5E-8 20.3E-6
5 2011 3 12 15 2504 331.2E-8 25.2E-6
6 2011 3 13 00 0954 41.6E-8 11.2E-6
7 2011 3 13 00 2847 112.6E-8 10.1E-6
8 2011 3 13 01 1477 151.1E-8 9.8E-6
9 2011 3 13 05 3017 160.2E-8 22.3E-6
10 2011 3 13 06 0032 64.2E-8 8.8E-6
11 2011 3 13 09 0083 16.5E-8 1.9E-6
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is set to 17 s and the moment magnitude Mw is set to 3.5 (Fig. 7d)
to ﬁt the observed vertical component of KMB06. Although the pre-
dicted amplitudes at stations other than KMB06 become smaller
for the mechanism 2 than those of the mechanism 1 (Fig. 8), they
are still above the observed noise level at some stations, such as
KMD16, KMC09, KME17 and KME18 (plotted at the distance of
29.0, 31.9, 45.6 and 48.7 km respectively in Fig. 8.).
The source mechanism 3 (Fig. 7e) is obtained after shifting the
source location toward KMB06. The source location, originally
located at the depth of 6 km below the sea surface and the horizon-
tal distance of 2.9 km from the station KMB06, was shifted to those
of 3.9 km and 1.2 km. This shift is still allowable in view of the
error ellipse of source location (Fig. 1b). The mechanism was
obtained by the same procedure of the grid search as the mecha-
nism 2. The source duration was set to 17 s and the moment mag-
nitude Mw was set to 3.0. Fig. 8 shows that the predicted
amplitudes of VLF component at stations other than KMB06become below the noise level. It is of note that the mechanism 3
is of normal fault type, very similar to the mechanism 2. A moment
magnitude of 3.0 was obtained. The estimated source duration is
again 17 s. This duration is anomalously long compared to the
source durations (<1 s) for regular earthquakes of an equivalent
magnitude.5. Discussion
5.1. Comparison between the previously and newly observed VLFEs
Features of the newly observed VLFEs differ from those previ-
ously observed by the near-source observation of Sugioka et al.
(2012), in the following three ways.
First, the magnitudes of the VLFEs observed in this study were
about Mw[ 3.5 and were therefore smaller than those of previous
studies, which were Mw  3.6 to 5 (Obara and Ito, 2005; Sugioka
et al., 2012). The small magnitude of the VLFEs can also be con-
ﬁrmed by the fact that the signals of the events were not detected
at the stations on-land, whereas large surface waves were recorded
on-land in the previous studies. In Fig. 4d, the waveforms of a VLFE
are ﬁltered in a frequency range 0.07–0.17 Hz, where short-period
surface waves can be traced up to the fourth closest station from
the source, but become invisible at further stations.
Second, the depth of newly detected VLFEs is determined to be
approximately 6 km and can be as shallow as 4 km as discussed in
the earlier section. These depths are shallower than those of previ-
ously observed VLFEs. Sugioka et al. (2012) showed that the VLFEs
are distributed closely around the basal plane of the overlying
wedge at depths of 6–12 km, and are most likely due to
plate-boundary slip. Although the depths of the newly observed
VLFEs are not well constrained, they cannot be as deep as the plate
boundary depths. Otherwise, the near-ﬁeld term should also be
observed at the second or third closest station to the source.
Third, our observation cannot be explained by the source mech-
anism of the previously observed VLFEs, which is a low angle
Fig. 8. Maximum amplitudes of the VLF component (0.02–0.05 Hz) measured for the event of March 12, 2011 at 15:41:44 (event 5 of Table 1) plotted with respect to the
distance from the source. Solid stars show the observed amplitude of the signals at station KMB06. Open stars show the observed maximum amplitudes measured from the
time window of 110 s, which include the predicted arrival time of the signal. They indicate the noise level of each trace. The records of some of the traces are not available due
to instrumental problems, such as one of the horizontal components of KMB06 or both horizontal components of KME18, and those data are not shown. The predicted VLF
amplitudes, for the three source mechanisms (Fig. 7f,) are shown by open triangles, open squares and gray circles respectively. Although the distances to the stations from the
source are different for mechanism 3, the amplitudes obtained from mechanism 3 are also plotted at the distance calculated for the source location of mechanisms 1 and 2 to
make comparison easier.
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normal fault type mechanism, which has a nodal plane striking in
the direction of NNW–SSE (Fig. 7f, mechanisms 2 and 3). Ito et al.
(2005) studied the seismicity in this region, where they proposed
that weak faults with a strike of NNW–SSE might exist because
some aftershocks of the 2004 Kii Peninsula earthquakes, with
depths shallower than 5 km, have either strike-slip or
normal-fault mechanism where the strike of one of the nodal
planes was directed to NNW–SSE. Moreover, the aftershocks
aligned along the strike of NNW–SSE. The VLF earthquakes we
found might have also happened in response to the NNW–SSE
trended structural and stress environment well within the accre-
tionary prism.
On the other hand, the common feature between the newly and
previously observed VLFEs is the anomalously long source duration
with respect to their magnitude. Moreover, despite their slowness,
the waves are rich in the higher frequency components (2–8 Hz).
To explain this phenomenon, a physical model with two modes
of rupture was proposed by Sugioka et al. (2012). In their model,
the coexistence of high frequency radiation and long source dura-
tion of the VLFEs was interpreted as the co-occurrence of
hydrofractures at supra-lithostatic ﬂuid pressures and shear failure
in consolidated patches at sub-lithostatic ﬂuid pressures. Fig. S2a
shows the power spectra of seismic waves of nine VLFEs, plotted
together with the reference power spectra obtained from relatively
quiet periods after the Tohoku-oki earthquake. The amplitudes of
the VLFEs are higher than the reference spectra at around 0.02–0.05 Hz and 1–8 Hz. The newly observed VLFEs may also be inter-
preted by the two modes rupture model. Our result suggests that
the ﬂuid-controlled stress state and mechanical environment,
which promote the occurrence of VLFEs, exist not only along the
decollement zone but also in the shallower part of the accretionary
prism.
5.2. Relation between VLFE and LFT
We have shown that VLFEs having signal at 0.02–0.05 Hz are
always accompanied by the signal at 2–8 Hz as well. On the other
hand, the LFTs are deﬁned as events having signal at 2–8 Hz but
not at 0.02–0.05 Hz. Here, we examine whether the two types of
events could be different manifestations of the same phenomenon
by comparing the amplitude of their signal in two different fre-
quency ranges.
First, we selected the low frequency events, which occurred
near the station KMB06. We selected the events whose maximum
amplitude measured at 2–8 Hz from the vertical component at the
station KMB06, is more than twice larger than the one measured at
other stations. In this way, we avoided to pick teleseismic signals.
Then, the selected events were classiﬁed by a visual inspection into
two groups, namely the VLFE and LFT, depending on whether the
signal at 0.02–0.05 Hz was observable or not. Finally, the maxi-
mum amplitudes of the vertical component at KMB06 were mea-
sured at the two different frequency ranges, 2–8 Hz and 0.02–
0.05 Hz, for each event. As the LFTs showed no signal at 0.02–
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0.02–0.05 Hz were actually the maximum amplitude of noise
obtained in the time window set to 110 s that included the arrival
time of the signal observed at 2–8 Hz.
The result of the comparison is shown in Fig. 9. The amplitude
ratios of VLFEs (open diamonds in Fig. 9) show that there is a pos-
itive correlation between the amplitudes measured at the two fre-
quency ranges. In other words, the events with high amplitude
over the frequency range of 2–8 Hz tend to have high amplitude
over the 0.02–0.05 Hz range as well. Fig. 9 also shows that the 2–
8 Hz amplitudes of LFTs are smaller than those of VLFEs. Note that
the 0.02–0.05 Hz amplitudes of LFTs (gray open circles in Fig. 9) are
not signal amplitudes but noise amplitudes. The results indicate
that the signal of VLFEs must have been interpreted as LFTs when
source locations are so distant that waves are dominated by
far-ﬁeld terms due to rapid decay of near-ﬁeld terms. More impor-
tantly, the events having signiﬁcantly larger amplitudes at 2–8 Hz
are always identiﬁed as VLFEs, not as LFTs. Fig. 9 suggests that LFTs
and VLFEs can possibly be regarded as the same phenomenon.
In previous studies based on near-source observations, the
activities of LFTs (Obana and Kodaira, 2009) and VLFEs (Sugioka
et al., 2012) were not necessarily considered to be the same phe-
nomenon and the primary difference was the presence of the VLF
signals. However, the previously reported LFTs were, in fact,
recorded by short-period OBSs, and it is possible that the VLF sig-
nals would also have been observed, if broadband OBSs had been
deployed. On the other hand, some LFT-type of records might have
been overlooked in the previous study of VLFEs using broadband
OBSs (Sugioka et al., 2012), because the focus of the study was
on the large size events.
The differences between the previously reported VLFEs and LFTs
can be described not only by the presence of the VLF signal, but also
by their source depth and eventmagnitude. The depths of the previ-
ously reported LFTs were determined to be 3–5 km (Obana andFig. 9. Plots of the maximum amplitude in the 0.02–0.05 Hz band against that in
the 2–8 Hz band for selected events. We ﬁrst selected events whose maximum
vertical amplitude measured at 2–8 Hz at the station KMB06, is more than twice
larger than the maximum vertical amplitude of the same frequency band measured
at other stations. Then, events whose signal is observed at the both frequency
ranges, 0.02–0.05 Hz and 2–8 Hz are labeled as VLFE (open diamonds) and the rest
are labeled as LFT (small open circles). The dashed line is the least squares ﬁt to the
plots of the VLFEs. We also potted the amplitudes measured for the 11 events listed
in Table 1 (large open circles).Kodaira, 2009), which is shallower than the depth of previously
reported VLFEs (Sugioka et al., 2012). Also, the event size of the
LFTsmust be smaller than the VLFEs, because no LFT signals reached
on-land stations (Nakamula et al., 2008; Obana and Kodaira, 2009)
whereas the surface waves of VLFEs were observed on-land (Obara
and Ito, 2005; Sugioka et al., 2012). The low frequency events
reported in this study present mixed features of the previously
reported VLFEs and LFTs. The VLF signals are present; they are not
observed at stations on-land and occur at relatively shallow depth.
The low frequency event activities (LFTs and VLFEs) of the eastern
Nankai trough could be classiﬁed by the depth and magnitude of
the events, rather than the presence or absence of the VLF signal.
The one group consists of events with small magnitude, which
occurred at shallow depths within the accretionary prism and the
other group includes events with deeper depths with larger magni-
tudes. The newly detected activity of the low frequency events
would be categorized in the former group.
In this paper, we focused on shallow low frequency events.
Previously, the co-occurrence of tremors (signals at 2–8 Hz) and
slow slips (<0.05 Hz) was also observed for deep low frequency
events, which occurred at down dip portion of the eastern
Nankai seismogenic zone at a depth of around 35 km beneath
the Kii peninsula (Ide et al., 2008). Furthermore, the study showed
that seismic energy radiated in 2–8 Hz is in direct proportion to
their seismic moment-rate obtained from 0.005 to 0.05 Hz, and
suggested that low frequency events possibly be comprised shear
slip events, which in aggregate occur seismically as tremor and
geodetically as slow slip events. Our ﬁndings, derived from the plot
in Fig. 9, are consistent with the features reported from the deep
event study. Both the shallow and deep low frequency events
may have a similar rupture mechanism.5.3. Remotely triggered VLFEs
The VLFEs shown in this study were initiated after the 2011
Tohoku-oki earthquake. Similar VLFE activity was also observed
after the Mw = 7.2 and Mw = 7.5 2004 off Kii Peninsula earth-
quakes in this region (Obara and Ito, 2005). Oscillation of local pore
pressure caused by teleseismic waves can increase permeability
and ﬂuid mobility (Manga et al., 2012). Moreover, laboratory
experiments have shown that the effect becomes more pro-
nounced with larger amplitude of pore pressure oscillation
(Elkhoury et al., 2011). The large oscillations caused by the tele-
seismic waves of the Tohoku-oki earthquake may therefore have
changed the distribution of ﬂuid pressure by increasing permeabil-
ity, and thus promoted the occurrence of VLFEs in the region.
The occurrence rate of VLFEs show an interesting feature that
they occur intensively for a few hours, separated by a several hours
of intervals. The small stress changes due to an oceanic tidal force
could have promoted the rupture along faults that were already
brought to a critical stress condition by the redistribution of the
ﬂuid pressure. In order to examine this hypothesis, we calculated
an auto-correlation function of the envelope waveform of KMB06
at 2–8 Hz, shown in Fig. 6a, which is dominated by the large ampli-
tude signals of VLFEs. The function showed a peak at around 7 h.
No clear peak appeared at the semi-diurnal period, indicating that,
so far, no clear correlation appears between the tide and the occur-
rence rate. A tidal periodicity in the occurrence rate of shallow low
frequency events was previously observed in Costa Rica (Walter
et al., 2013). It showed that more than a week of data seem to be
necessary to conﬁrm the correlation of the occurrence rate with
the tidal periodicity. Our observations of VLFE bursts after 2–
3 days of data may not be suitable to conﬁrm the correlation with
tides.
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Many shallow low frequency events were recorded after the
2011 Mw 9.0 Tohoku-oki earthquake by broadband seismometers
deployed on the ocean bottom in the eastern part of the Nankai
trough. Although an association with the Mw 9.0 great earthquake
is one of the most remarkable features of these low frequency
events, in this study we mostly focused on classiﬁcation of the
events, including previously reported ones, with respect to their
waveform features.
The observed events were classiﬁed into two groups, LFT and
VLFE, depending on the presence of a very low frequency compo-
nent signal (0.02–0.05 Hz). A comparison of the amplitude of the
signals of LFTs and VLFEs at two different frequency ranges indi-
cates that LFTs and VLFEs are simply smaller and larger events of
the same phenomenon. Identiﬁcation of LFT or VLFE depends on
how large very low frequency component signal is relative to the
ambient noise. Previous near-source observations suggested that
VLFEs occur along the decollement zone (Sugioka et al., 2012),
whereas LFTs occur within the accretionary prism (Obana and
Kodaira, 2009). However, our results indicate that both are the
same phenomenon and that this likely occurs in both regions.
VLFEs show similar features of waveforms to those previously
reported by Sugioka et al. (2012). The coexistence of long source
duration and high-frequency radiation of the VLFEs was previously
explained by the co-occurrence of hydrofractures responsible for
the high frequency component signal and shear failure along the
fault responsible for the very low frequency component signal,
along the decollement zone. The features of the newly detected
VLFEs can be consistently explained by the previously proposed
two modes rupture model. If their magnitudes are too small to
exhibit shear failure mode signal (the very low frequency compo-
nent signal) above the noise level, events may be identiﬁed as
LFTs. The VLFEs observed in our study were found to be different
from those of previous studies, in that they were smaller in magni-
tude, and they occurred at shallower depths. Our result suggests
that VLFEs are not a unique phenomenon in the decollement zone,
but they can also occur in the shallower part of the accretionary
prism.
The activity of the low frequency events was intense for the ﬁrst
few days after the Tohoku-oki earthquake then gradually
decreased. It is considered that large oscillations of local pore pres-
sure caused by teleseismic waves of the Tohoku-oki earthquake
may have increased the permeability and changed the distribution
of the ﬂuid pressure of this region, which may thus have caused the
faults to reach a critical stress condition and generate VLFEs and
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Travel time measurement of VLFEs
In order to estimate the source location of the very low fre-
quency earthquakes, we made travel time measurements, from
the waveforms ﬁltered between 2 and 8 Hz. Although the envelope
cross-correlation method is often used to measure travel times of
tremors with unclear onsets (Obara, 2002), this method cannotbe applied to our dataset due to dissimilarities of the waveforms
obtained from the sparsely distributed stations. Instead, we simply
handpicked the onsets by visual inspections of envelope wave-
forms, although the measured values would contain large picking
errors due to the unclear onset of the signals. Whichever horizontal
components that has clearer onset than the other is used for the
measurements. Some of the handpicked arrival times are shown
in Fig. 4c and g.
The handpicked travel times presumably contain large picking
errors. Therefore we conducted a screening of the measured values
and discarded the ones, which seem to contain large picking errors.
In the process, we took the advantage of the observed VLF signals.
Since the VLF component is almost always observed only at a sin-
gle station per event, we assumed that events with similar VLF
waveforms must be located close to each other. The screening pro-
cess works as follows. We compared the vertical component wave-
forms of the 81 VLFEs observed at KMB06, ﬁltered between 0.02
and 0.05 Hz. First, we computed cross correlation coefﬁcient for
every trace with every other trace by shifting the waveform in time
for the best correlation coefﬁcient. Next, we searched for groups of
events, whose maximum correlation coefﬁcients of all of the event
pairs within the group exceed a certain correlation criterion. When
the correlation coefﬁcient criterion is set to 0.95, there is one group
of events, which consists of 11 events with highly similar wave-
forms observed at station KMB06. Among the 11 events, the differ-
ential travel times between stations, handpicked and obtained
from the 2–8 Hz envelope waveforms, are compared. The outliers
are discarded, based on the assumption that these events are
almost co-located. Finally, for each station pair, we obtained the
averaged differential travel times from the measurements avail-
able among the 11 events. The averaged value is used to locate
the ‘‘co-located’’ source of the 11 events. We did not locate the
source of the LFTs or the rest of the 70 VLFEs, because the screening
process is not applicable to these events.
Appendix B. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.pepi.2015.04.007.References
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